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Abstract
Anodized aluminum oxide plays a great role in many industrial applications, e.g. in order to achieve greater wear resistance. Since
the hardness of the anodized ﬁlms strongly depends on its processing parameters, it is important to characterize the inﬂuence of the
processing parameters on the ﬁlm properties. In this work the elastic material parameters of anodized aluminum were investigated
using a laser-based ultrasound system. The anodized ﬁlms were characterized analyzing the dispersion of Rayleigh waves with a
one-layer model. It was shown that anodizing time and temperature strongly inﬂuence Rayleigh wave propagation.
c© 2015 The Authors. Published by Elsevier B.V.
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1. Introduction
Anodized aluminum oxide (AAO) plays a great role in many industrial applications. It is used as a hard protective
coating in packaging, architectural and aerospace industries (Aerts et al. (2007)). Great eﬀorts have been taken in
order to examine inﬂuences of processing parameters on the durability and wear resistance of AAO ﬁlms. Among
others, microhardness (Aerts et al. (2007)), Scanning Electron Microscopy (SEM) (Wei and Chen (2012)) and
chemical dissolution rate measurements (Bensalah et al. (2011)) are used for the investigation of AAO ﬁlms. While
the latter is a destructive method, SEM is very expensive and bulky. Microhardness measurements of AAO ﬁlms can
be impractical and time-consuming (Aerts et al. (2007)).
On the other hand, the Young’s modulus of a layer can be conveniently measured with laser-based ultrasound meth-
ods and correlated to important ﬁlm characteristics such as the coating hardness (Schneider and Schultrich (1998)).
Laser excitation of ultrasound waves is a non-contacting method which can be achieved without damaging the surface
of the specimen. In connection with optical detection methods of ultrasound waves, contact less, fast and reliable
testing of specimen can be realised (Carrion et al. (2004)).
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Anodized coatings were investigated with ultrasonic methods before (Wang and Rokhlin (1990); Neubrand and
Hess (1989)). Wang and Rokhlin employed an immersion technique for the measurement of the elastic constants
of the anodized coating. They did, however, report only on the investigations of a single specimen with insuﬃcient
information about the anodized layer and it’s processing. Neubrand and Hess utilised laser excitation and piezoﬁlm
detection of surface acoustic waves (SAW) for the characterization of anodized aluminum specimen. They measured
the dispersive behaviour of Rayleigh waves on anodized layers that were manufactured at diﬀerent temperatures. How-
ever, they did not compare their results with theoretical dispersion curves, the measurement system used a contacting
detection method and only three diﬀerent specimen were investigated.
In this work, a contactless measurement system based on broadband, thermoelastic excitation and interferometeric
detection of Rayleigh waves was used to study the elastic properties of porous anodized aluminum oxide layers. In
total 12 specimen were analyzed that were manufactured at diﬀerent electrolyte temperatures and diﬀerent anodizing
times. The Rayleigh wave dispersion curves were analyzed using a model-based approach employing a single-layer
model.
2. Material and Methods
Porous anodic aluminum oxide ﬁlms are created in electrolytic cells with a weakly soluble electrolyte such as
sulphuric acid. Aluminum oxide is formed with a porous structure on top of the aluminum substrate. The ﬁlm
properties depend on the pore structure which can be altered by the applied potential, electrolyte, temperature and
anodizing time. With increasing electrolyte temperature the pore diameter increases and the walls between the pores
decrease. Thus the ﬁlm hardness decreases with increasing temperature. Otherwise at low temperatures << 20 ◦C
very hard ﬁlms can be formed (Datcheva et al. (2011)).
The AAO were characterized using Rayleigh-type surface acoustic waves (SAW). SAW are ultrasound waves
conﬁned to the surface of a specimen. The penetration depth of Rayleigh waves is about two wavelengths and therefore
decreases with increasing frequency. Thus low frequency waves are sensitive to bulk properties and high frequency
waves are sensitive to near-surface properties of a specimen. On an isotropic half-space Rayleigh waves are not
dispersive (Viktorov (1967)). However, on a layered half space there will be frequency dispersion because of the
aforementioned properties of the penetration depth.
Let an, bn, am, bm, cm and dm be the unknown amplitude factors of the solutions to the Helmholtz wave equations
for layered Rayleigh waves, where the superscript n denotes the half-space and the superscript m denotes the layer
(Tiersten (1969)). Assuming stress free boundary conditions and continuous stresses and displacements between
layer and half-space, a coeﬃcient matrix D can be constructed so that
D · (an, bn, am, bm, cm, dm)T = 0. (1)
Singular values of D represent phase velocity - frequency points of the corresponding dispersion relation (Tiersten
(1969)). An algorithm was developed which eﬃciently searches for singular values in D and traces the dispersion
curve of the fundamental Rayleigh mode in a layered structure.
3. Experiment
The laser-based ultrasound system is described in detail elsewhere (Singer (2015)). It consisted of a pulsed
Nd:YAG laser with pulse duration 4 ns for the excitation of SAW, a heterodyne Mach-Zehnder interferometer for
detection of the SAW and a linear stage in order to move the excitation line to diﬀerent source to receiver distances.
The excitation beam was expanded and then focused by a cylindrical lens, resulting in a line focus with a length of
15 mm. The detection spot was 4 mm to 14 mm away from the excitation focus, where the Rayleigh waves were
measured in the near ﬁeld.
The experimental dispersion curves were calculated with the phase spectral analysis method (Sachse and Pao
(1978)):
c =
2π f · (x2 − x1)
Φ2( f ) − Φ1( f ) , (2)
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Fig. 1. Measured waveform at distance x2 = 14 mm from the source.
Specimen was anodized at 35 ◦C for 40 minutes.
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Fig. 2. Measured and best ﬁt dispersion curves for diﬀerent anodizing
times and electrolyte temperatures.
where c is the phase velocity, f is the frequency, x1 and x2 are positions with diﬀerent distance to the receiver and
Φ1( f ) and Φ2( f ) are the phases at positions x1 and x2. The aforementioned simulated dispersion curves were then
ﬁtted to the measured curves using a least-squares algorithm.
The AAO samples were formed using a constant current density of 2.4 A/dm2 and sulphuric acid as electrolyte
with a mass concentration of 177.5 g/l. Electrolyte temperature was controlled using a thermostat. Sealing was carried
out for 1 h in boiling distilled water. As a base body 10 mm thick EN 5083 aluminum was used. Prior to anodizing,
the base body was etched in 60 g/l NaOH solution for 1 min and desmutted in a 1:1 HNO3 : H2O solution for 1 min.
The layer thickness was measured with a PCE-CT 28 layer thickness gauge. 50 measurements were carried out with
the coating thickness gauge on each of the specimen to enhance accuracy.
4. Results
Several samples were manufactured with diﬀerent anodizing times and electrolyte temperatures. The anodizing
time was varied between 15 minutes and one hour, while the electrolyte temperature was varied between 10 ◦C and
35 ◦ C. An example time domain waveform of a measured dispersive Rayleigh wave is shown in Fig. 1. Some selected
dispersion curves are shown in Fig. 2. It can already be seen that there is a change in the sign of the slope of the
dispersion curves depending on the electrolyte temperature. At small temperatures, the slope is positive whereas at
high temperatures the slope is negative. Furthermore, with increasing anodizing time the slopes of the dispersion
curves become steeper.
For the characterization of the elasticity of the AAO ﬁlms, simulated dispersion curves were ﬁtted to the measured
ones. The thickness values measured with the coating thickness gauge were used in the simulation and were not
altered. As an indicator of ﬁlm hardness, the Young’s modulus of the simulation was varied until a least squares value
was obtained. A Poisson’s ratio of 0.33 and a density of 2700 g/cm3 were used for both, the ﬁlm and the half-space
and were not changed during simulations. Theoretically, the density of the AAO ﬁlms could have been measured
according to DIN 3210 and used in the simulation. However, the change in elastic modulus in the simulation was
considered to be suﬃcient as an indicator of ﬁlm hardness. The Young’s modulus of the half-space was chosen to ﬁt
the low-frequency velocities of the specimen.
Evaluating the best-ﬁt Young’s modulus of the simulated dispersion curves, a more detailed analysis of the ﬁlm
properties is possible. This can be seen in Fig. 3, where the Young’s modulus is shown at diﬀerent anodizing
times and diﬀerent electrolyte temperatures. Clearly, a dependency on anodizing time can be seen at both electrolyte
temperatures, but the eﬀect of the anodizing time is much greater at high temperatures due to an interaction term
between time and temperature.
In Fig. 4 the variation of the best ﬁtted Young’s modulus value at diﬀerent electrolyte temperatures and a constant
anodizing time of 40 minutes is displayed. The error bars result from the uncertainty of the thickness gauge measure-
ments. Lower and upper error bounds are calculated from best ﬁts with the 95 % conﬁdence levels of the AAO ﬁlm
thickness. A decreasing trend with increasing temperature can be observed. However, the curve apparently ﬂattens
towards low temperatures. This is an eﬀect that should be investigated further since in this temperature region AAO
ﬁlm hardness of great interest is produced.
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Fig. 3. Variation of best-ﬁt Young’s modulus with anodizing time at dif-
ferent electrolyte temperatures.
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Fig. 4. Variation of best-ﬁt Young’s modulus with electrolyte temperature
at constant anodizing time t = 40 min.
5. Discussion
It was shown that elastic properties of porous anodized aluminum ﬁlms can be measured in a contact less manner
with a laser-based ultrasound system. There is a strong correlation between the Rayleigh wave phase velocity disper-
sion, anodizing time and electrolyte temperature. Results of a decreasing elastic modulus with increasing electrolyte
temperature compare well to microhardness measurements carried out by Aerts et al.. In future experiments AAO
ﬁlms formed at electrolyte temperatures < 10 ◦C should be evaluated and the density of the ﬁlms should be measured
separately and incorporated into the model based analysis.
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